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Abstract
The main goal of the study is to examine and demonstrate
the application of a developed probabilistic framework to the
analysis of a chosen general type of steel connection component
in order to obtain the basic characteristics of its mechanical be-
haviour with regard to the chosen type of the input geometry and
material properties. Accordingly, as a typical representative of
the component method proposed by the Eurocode the equiva-
lent T-stub was chosen as a subject of the study. This type of
structural element has the capability to address the behaviour
of several parts of the connection: column flange in bending,
end plate in bending and flange cleat in bending. A method is
proposed to determine the probability density function of the ul-
timate strength using a response-surface approach coupled with
FEM applied to a stochastic structural model. The results of
a study were processed by means of sensitivity analysis to deter-
mine the importance level of the input variables.
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1 Introduction
The main questions when we are dealing with the behaviour
and functionality of basic structural components such as the
steel connections consist of the identification and the qualitative
evaluation of the critical parameters which can influence their
resulting resistance, stiffness or deformability. These factors are
crucial for the cost effective application of such types of ele-
ments considering their design and further exploitation within
the structures. In general practice a large number of steel struc-
tures are commonly using the bolted connections as simple or
moment resisting joints between structural members. Their pop-
ularity can be attributed mainly to the simplicity and economy
attributed with design, fabrication and utilization in wide area.
In the past, almost every application of structural design for steel
frames has been considering a rigid or a pinned connection be-
haviour regardless of their real response. This was due to the
possibility of important simplification in design process and the
lack of simplified methods for the prediction of the required con-
nection properties. However a significant gain can be achieved
by incorporating the finite stiffness of connections in the de-
sign model based on the concept of the semi-rigid joints. Their
mechanical behaviour described by the stiffness, the resistance
and the rotational capacity is generally nonlinear because of the
contact zone evolution, the plasticity of materials, the large dis-
placement, etc. It can be described by an empirical approach
based on tests, by a sophisticated numerical calculation or by an
analytical method [1, 2]. The last one has been proved as most
appropriate and it is generally known as the component method.
This design philosophy proposed by the modern structural codes
provides greater freedom in design because the properties of the
connections are treated as variables and are resulting into their
more economic application. The method itself consists of divid-
ing the connection into several components each one modelled
as a spring element. The Annex J [3] and the part 1.8 [4] of
Eurocode 3 proposes expressions to quantify the contribution of
each component and rules to combine them. One of the most
significant components is the so called T-stub. Considering the
current research tasks the main goal is to improve the knowlegde
about the mechanical behaviour of the chosen type of the con-
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nection component in order to contribute to the coherent design
rules for structural connections.
This can be achieved by the several different methods. One
typical option is to perform the experimental research as it was
already done throughout the recent years, but despite the exten-
sive effort and lot of advances, many questions are still unan-
swered [5]. Another possibility is to employ nonlinear FEM
modelling employing advanced numerical models [6, 7]. This
approach is rather applicable because of significant reduction
of expenses and time related with experimental investigation in
laboratory. Another advantage is the possibility to perform para-
metric studies which can give information about importance of
various structural elements from which a T-stub is a part. On be-
half of this aim a modelling using probabilistic framework often
takes place [8].
According to this statement, in this study the approach us-
ing nonlinear finite stochastic model was created to perform the
probabilistic analysis of the equivalent T-stub to quantify the ef-
fects of some parameters variability on its resulting behaviour
and its ultimate bearing capacity. A method is proposed to de-
termine the probability density function of the ultimate bearing
capacity of the T-stub using a response-surface approach. Fi-
nally, the statistical model for the output quantity is presented,
which can be used in the form of a simple mathematical formula
for the parametric studies and for the description of the overall
behaviour of the T-stub, which is relatively complex in terms
of the normative approach and the mechanical behaviour. The
complementary goal is to carry out the sensitivity factors wich
are determining the importance level of input variables on the
response of this investigated structural component.
2 Connection modelling
Bolted connections are used widely in steel frames as sim-
ple or moment resistant connections between steel members.
Their characteristics must be taken into consideration to accu-
rately predict the behaviour of the whole structure. In almost
every practical case of structural design for steel frames the real
response of the connections is of little interest since they are
considered having ideally rigid or pinned behaviour. This ap-
proach greatly simplifies the design process, mainly not by the
consequent reduction of the design variables but by the impact
these variables have in the analysis results. However, a signifi-
cant gain in the structural weight could be achieved by incorpo-
rating the finite stiffness of the connections in the design model,
and performing an optimization technique. The internal forces
could be then more advantageously distributed among structural
members, which can lead to more efficient material use.
Furthermore, the cost of the so-called semi-rigid connections
is generally lower compared to that of rigid ones, providing an
additional profit. The increased computational cost and mainly
the lack of simplified methods for the prediction of required con-
nection properties, such as initial stiffness, strength and rota-
tional capacity, prevents the adoption of semi-rigid connections
in every-day design practice. The normative approach [3,4] pro-
poses an analytical procedure for this purpose, but it is rather
complicated for practical use without automatic calculation,.
This paper describes the properties and the performance of
a finite element model for the simulation of a simple T-stub steel
connection. It is a first step before the extension to more com-
plex connections, such as bolted end-plate ones. A valid nu-
merical model is an essential tool in this context, since a large
amount of parametric analyses is required in order to simplify
the analytical methods, covering both static and dynamic prob-
lems, to become a reality. This treatment of steel connections
is representative of the continuously increasing use of advanced
numerical analysis as a tool for practical design of engineering
structures in general and steel structures in particular. The re-
cent progress in hardware and non-linear numerical algorithms
is expected to affect design codes and design methodologies in
the coming years. Current codes do recognize this progress by
allowing structures to exhibit non-linear behaviour, both from
a material and a geometry point of view. Treatment of these
nonlinearities is, however, still performed in a rather crude way,
and is mostly based on linear elastic analyses followed by sev-
eral checks for dimensioning, making use of approximations,
such as effective buckling lengths for global buckling, classi-
fication into slenderness categories for local buckling, seismic
behaviour factors for inelastic response during extreme seismic
events, etc. This is at the expense of accuracy and reliability, and
intensifies significantly the dimensioning and checking process.
The progress in computational mechanics with emphasis on re-
liability and efficiency is expected to support the use of more
rigorous analysis procedures that can take into account all these
sources of non-linearity, predict the pertinent failure modes, and
thus increase accuracy on one hand, and reduce the effort in-
volved in checking on the other.
As it was noted above, one of the most important concepts for
the component method is the equivalent T-stub idealization of
the tension zone of a connection. Therefore, this tension zone
is substituted by a T-stub section of appropriate effective length
(see Fig. 1).
Fig. 1. T-stub geometry and positioning of T-stubs in bolted beam-to-
column connections
In spite of being much simpler than a usual bolted conection
it has been proven to adequately model parts of the connection
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under tension. It is composed of two T-shape sections connected
by means of one or more pair of bolts. This connection may fail
according to one of the three known failure mechanisms shown
in Fig. 2. The first one occurs with the development of four
plastic hinges in the flange plates located at the bolt holes and at
the flange to web fittings. The second one occurs with the de-
velopment of two plastic hinges in the flange plates positioned at
the flange to web fittings and with axial failure of the bolts. The
third failure mechanism occurs with axial failure of the bolts ac-
companied by full separation of the flange plates. This simple
connection is not directly used in frame designs. It is, however,
one of the components of bolted beam-to-column joints, deter-
mining their stiffness, strength and rotational capacity.
Fig. 2. Failure mechanisms of T-stub connections
In Fig. 1 the positioning of T-stubs in various classes of bolted
beam-to-column connections is also presented.
3 Stochastic structural model
A general concept for the creation of a finite element model
is presented. Then it is applied for the modelling of an exist-
ing T-stub for which the experimental results are available. An
early decision to be made in almost every numerical simulation
concerns the model space dimension. For a T-stub, 2D and 3D
models are possible and have been implemented in the literature
[9, 10]. The 2D model has been used as an acceptable compro-
mize between accuracy and computational cost. For this study
the 2D model is chosen. A substantial reduction of the model
size can be achieved by exploiting the symmetries of the prob-
lem. In a T-stub connection two planes of symmetry can be de-
fined. Thus, only one quarter of the whole connection needs to
be modelled, as shown by the highlighted part of Fig. 3. Thus,
the variability is considered as symmetrical for the T-stub. The
reduced model needs to be completed by suitable boundary con-
ditions in the symmetry planes, constraining normal to plane
displacements and in-plane rotations.
The stochastic structural model required for probability anal-
ysis was created using multipurpose finite element code ANSYS
[11] employing SHELL93 finite elements permitting to perform
nonlinear solution for problems of large deformations analy-
sis. It is capable of reproducing contact and friction phenomena
and offers sufficient handling options for material and geometric
nonlinearities. The mesh on the Fig. 3 consisted of 154 elements
and 553 nodes with allowed quadrilateral meshing procedure for
element shapes, which led to the solution of about 3500 equa-
tions.
Fig. 3. T-stub mesh and quarter symmetry
For the simulation of the various contact phenomena, effi-
cient general algorithms have been published [12]. In our study
the CONTA174 and TARGE170 elements were used in order to
simulate the effects of surface-to-surface contact zone between
flange plates and between bolt and flange plate. A zero friction
coefficient was used in the model [6]. The Augmented Lagrange
Method with contact detection on gauss points including initial
penetration and stiffness updating in each load step was used.
An isotropic type material was chosen with bilinear stress–strain
law and isotropic hardening rule. The well suited von Mises
yield criterion for steel elements was chosen. To simulate the
variance of the material properties in the T-stub, different ma-
terials were assigned for flange, web plate and bolt. Thus, the
material strength characteristics are considered as random vari-
able, i.e. steel yield stress and strength which are different for
the flange, web and bolts. The Young’s modulus of elasticity E =
210 GPa and the Poisson’s coefficient 0,3 are considered as con-
stant due to their low variability. Incorporating of random input
variables for purposes of the probabilistic analysis is possible
by modification of the input program code using the APDL lan-
guage (Ansys Parametric Design Language) and consequently
to utilize them within the integrated PDS module (Probabilistic
Design System), which is permitting direct connection between
the FEM database and the chosen probability analysis algorithm
[11]. Further description of this procedure and related statistical
models of selected random input variables will be given later.
Dimensions and application of this FEM model is explained in
the following part.
3.1 Model validation
In order to validate the performance of the numerical model,
experimental data from the literature were used. Bursi and Jas-
part described a series of physical T-stub tests [13]. These tests
were used for the creation of a T-stub numerical benchmark [14]
and have been used by many investigators, thus their geometry
and material properties are well documented. In these tests vari-
ous different available specimen configurations have been tested
to evaluate the effect of different geometric and strength param-
eters.
For our study, a specimen named T1 have been selected. It
is characterized by a relatively weak flange plate and, therefore,
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it was carried out that the first failure mechanism is critical for
this type of configuration (see Fig. 2). Geometrical properties
for the chosen type of specimen are shown in Fig. 4 and detailed
description considering material properties for flange, web and
bolt can be found in literature [13].
Comparison between the experimental measurements and the
results of the numerical analysis was performed to verify the
accuracy and the validity of the finite element model. For this
objective the Arc-Length method was used for the simulations
of the ultimate strength of T-stub. This method is suitable for
nonlinear static equilibrium solutions of unstable problems. Ap-
plication involves the tracing of a complex path in the load-
displacement response into different response regimes. Math-
ematically, the Arc-Length method can be viewed as the trace
of a single equilibrium curve in a space spanned by the nodal
displacement variables and the total load factor. In our study
the total load factor was a single scalar parameter defined by the
time step of value equal to 1/10. Simulations of the ultimate
strength were carried out while searching for the limit point us-
ing explicit spherical iterations with the following Arc-Length
algorithm :[
K Ti
]
{1 ui } = λ
{
Fa
} {
Fnri
}
with : −1.0 ≤ λ ≤ 1.0 (1)
where
[
K Ti
]
is the Jacobian tangent stiffness matrix, {1ui }is the
displacement vector, {Fa}is the vector of applied loads, {Fnri }is
the resisting loads vector and λ is the proportional loading factor.
The limit point can be found by performing iterations until the
tangent stiffness is zero. The physical interpretation of this point
can be assigned to the collapse behaviour of the T-stub.
On Fig. 5 the comparison between the experimental and the
numerical force-displacement curves of specimen T1 is shown,
where (F) is the total applied force (shown in Fig. 1) and (d) the
corresponding displacement. The curve match is satisfactory
for the elastic region and part of the plastic region. Both initial
stiffness and strength are predicted accurately. However, we can
notice that the 2D model shows rather stiffer behaviour. The
deformed geometry at the failure stage shown in Fig. 6 indicates
the occurrence of the first failure mechanism according to the
EC3 and confirms the good performance of the model and its
ability to reproduce the kinematics of bolt–plate interaction. In
the same figure the von Mises stress and the axial stress in a
plane perpendicular to the web of the T-stub are depicted. Two
plasticity zones are formed in the flange plate, along the bolt
line and in the toe of the fillet, while the behaviour of the bolt
is mainly tension and bending with partial plastification of its
shank. These remarks are validated by the experimental results.
Some preliminary studies which were already carried out in
this area [9] showed that the relevant geometrical variables con-
sidering the ultimate strength of the T-stub and its overall per-
formance are the thickness of flange (t f ), the flange width (b),
the diameter of the bolt (d) and the size of the bolt head (e) and
(k). Relevance of the individual random variables for geometry
is shown in Fig. 4. It was considered that all these variables
had a normal distribution and the upper and lower limits of the
parameters were 105 and 95% of the nominal value.
Fig. 5. Load-displacement curve for the model T1 and comparison with the
experimental results
Afterwards, the scatter of these variables was considered tak-
ing into account the dimensions and the tolerances given by the
standards (EN 10034 [15] and ISO 4014 [16]). For the rolled
section an upper and lower value of the tolerances are given.
The scatter of the variables was simulated by a normal distribu-
tion, N(µ, σ 2), where the mean, µ, and the standard deviation,
σ , are given by: µ = (U + L)/2 and σ = (U − L)/(2× 3.09),
whereU is the upper value and L the lower. For some of the bolt
dimensions only the nominal values and a minimal value were
given in the standards. For this a normal distribution was also
admitted, with the upper tolerance equal to the lower tolerance.
The other values were calculated as before. Table 1 summarizes
the standard dimensions adopted for the bolts and the rolled sec-
tion. Taking into account the values defined in Table 1, the pa-
rameters which describe the distributions of the random input
variables are evaluated according to the presented expressions.
For the description of the random input variables entering
calculation, the truncated normal Gaussian distribution function
was used to override possible numerical issues due to the well
known tail problem in numerical simulations using extreme val-
ues. The presented approach was used in the probabilistic sim-
ulation framework. It involves consecutive repeating of calcu-
lations with randomly generated subsets of the input variables
and the evaluation of the response in the form of the so called
limit surface. There is a large amount of methods which could
be possibly used, but as it was previously stated, the use of the
response-surface methodology coupled with FEM code seems
to be one of the most efficient approaches although it is not yet
widely used.
4 Response-surface method for ultimate strength of
the T-stub
In many practical applications and in particular, in the predic-
tion of the maximum load-carrying capacity of structures in the
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Fig. 4. Geometrical properties of T1 with bolt and profile geometries
Fig. 6. Von Mises stresses at failure stage of T1 model (left) and stresses in the Y axis (right)
Tab. 1. Statistical models of the random input variables
Dimension (mm) Minimum Nominal Maximum µ σ σ / µ (%)
t f 9.20 10.70 13.20 11.20 0.3236 2.89
b 148.0 150.00 154.00 151.00 0.4854 0.32
d 11.73 12.00 12.00 11.87 0.0218 0.18
e 20.47 20.78 21.10 20.78 0.0504 0.24
k 7.32 7.50 7.68 7.50 0.0291 0.39
T-stub ultimate strength assessment 192008 52 1
elasto-plastic range, the analytical expression for the response
of a structure often does not exist. A possible alternative is to
use approximate functions formulated on a semi-empirical basis,
which are normally derived after some reduction of the number
of random variables on which the structural ultimate strength
may depend. Consequently, this introduces additional model
uncertainties in the analysis concerning the real behaviour of
a structure. However, the level of uncertainty introduced in the
model depends on the approach adopted. Some authors sim-
ply perform a regression analysis on the available data and this
is a bound to increase the uncertainty and to limit the range of
applicability of the formula to the range of the available data.
The limitation of these approaches is that the available data do
not always represent well the full range of variation of the gov-
erning parameters. A response-surface methodology combined
with the numerical evaluation of the ultimate strength can be
an answer to this problem [8]. This approach can have differ-
ent strategies for covering the relevant range of variation of the
parameters. Furthermore, combination with a non-linear finite
element analysis ensures that all details such as initial imperfec-
tions are taken into account in the prediction of the value for the
selected output variable.
To describe the main features of the method adopted here,
it is necessary to determine an approximation to the ultimate
capacity8 of the structure, which is a function of k independent
variables, X1, X2,. . . ,Xk . This means to determine the unknown
coefficients ai in the following expression:
φ = a0 + a1x1 + a2x2 + a3x3 + ...+ akxk (2)
When n calculations have been performed, with k variables
defining the input at each run, in the present case by a non-
linear finite element code, then the following set of equations
is obtained by:
φi = a0+a1x1i+a2x2i+a3x3i+...+akxki , i = 1, ..., n, (3)
where φi is the ultimate capacity that resulted in the i-th case,
which is calculated with the sample of the values associated
with the variables X i j (for j = 1,2,. . . ,k). This sample can be
determined by techniques of experimental design, which pro-
vides the best combination of parameters to cover the range of
variation of the variables, or it can just be obtained by random
sampling each variable.
The equations can also be written as :
8 = Xa (4)
where
8
T = [φ1, φ2, φ3 ..., φn] (5)
is the vector of the structural load-carrying capacities obtained
from the finite element calculations,
aT = [a1, a2, a3, ..., an] , (6)
is the vector of the unknown coefficients, and
X =

1 x11 x21
1 x12 x22
... ... ...
x31...xk1
x32...xk1
...
1 x1n x2n x3n ...xkn
 , (7)
is the matrix of the values adopted in the calculations for the
basic variables considered.
Multiplying (3) by XT and assuming that XT X is non-
singular, the following estimation of the vector of the values of
the unknown coefficients can be obtained
aT =
(
XT X
)−1
XT 8 (8)
which is the last-squares estimator of the vector a.
Having the vector of the coefficients ai , it is then possible to
have an approximation to the response-surface that describes the
ultimate strength of the T-stub, as given by Eq. (1). This expres-
sion can be used to construct a limit state function by completing
it with the description of the loading.
The approximation around mean values of the random vari-
ables can also serve as a useful tool when evaluating the mean
value and the standard deviation of the T-stub ultimate strength.
If the approximation8 is a linear function of the kind of Eq. (1)
with k correlated random variables with their mean values µ1,
µ2,. . . ,µkand standard deviations σ 1, σ 2,..., σ k then its mean and
standard deviation would be:
µ8 = a0 +
k∑
i
aiµi , (9.a)
σφ =
 k∑
i
a2i σ
2
i +
k∑
i
k∑
j
ρi jaia jσiσ j
1/2 , (9.b)
where ρi jare the correlation coefficients between the variables
X i and X j .
5 Numerical analysis
The results of the numerical simulations for the ultimate
strength are presented in the form of explicit approximation
function, which defines the stochastic response of the structure
on the random input variables. As it was already introduced, we
are accepting the assumption, that the influence of the random
input variables on the random output parameters can be approx-
imated by a mathematical function. Hence, the response-surface
method locates the sample points in the space of random input
variables such that an appropriate approximation function can
be found most efficiently. According to these statements, the
analysis consisted of two steps.
Firstly, it was required to perform the simulation loops to cal-
culate the values of the random output parameters that corre-
spond to the sample points in the space of random input vari-
ables. This was made using the Central Composite Design
(CCD) algorithm for 27 loops of about 30 minutes per each.
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Secondly, a regression analysis using the least squares meth-
ods was performed to derive the terms and the coefficients of
the approximation function. The resulting output variable is the
ultimate strength for the first failure mode of the T-stub. The ba-
sic idea is that once the coefficients of a suitable approximation
function are known, then we can directly use the approximation
function instead of looping through the finite element model.
The values of the ultimate strength of the T-stub were then cal-
culated using Monte Carlo (MC) simulation on the response-
surface approximation. It is noted, that the number of MC sim-
ulation is not essential for the accuracy of solution, because it
depends mainly on number of CCD loops and quality of sam-
pling procedure. On the following Fig. 7 the output histogram
for ultimate strength and related limit surface are depicted.
Fig. 7. Histogram of ultimate strength of the T-stub obtained by means of
MC simulations
6 Sensitivity analysis
As a complement to the reliability analysis it is possible to
evaluate the sensitivity factors. These factors are defined by the
square of the coordinates of the unit vector which sum up to 1.
Generally written in percentage, these factors allow ranking of
the basic random variables according to their importance in the
reliability analysis. In this study their values were calculated
using Spearman rank order coefficients [11] and their values are
shown on Fig. 8. The sample correlation with cubic trendline
between resulting ultimate strength and one of the chosen input
geometry variable of the flange width (b) is also presented.
From the figures we can see that the importance level of the
flange width (b), the thickness of the flange (t f ) and the size of
the bolt head (k) is higher, while the importance of other char-
acteristics of the geometry like diameter of the bolt (d) is re-
maining to be more or less complementary. These results were
confirmed by the matrix of the rank order correlation coefficient
evaluation which showed the highest significance of t f , b and
k for the resulting value of ultimate strength.
Fig. 8. Sensitivity factors for random input variables
7 Conclusions
A T-stub stochastic finite element model was developed. Its
performance in reproducing the actual load–displacement curve
was tested with experimental data and proved satisfactory with
a chosen configuration. A method was proposed to determine
the probability density function of the ultimate strength using a
response-surface approach. It was shown that this procedure can
combine the accuracy of the FEM and the efficiency of the ap-
proximative analytical models and is versatile in terms of com-
putation time and also in cases when the limit state of the struc-
ture does not exist in an explicit form. As a result of the per-
formed probabilistic analysis, the importance of the geometri-
cal T-stub properties for the resistance was verified in terms of
sensitivity analysis. Presented methodology can be effectively
applied to any other types of the steel structural elements which
are commonly used in practice. The approach introduced in this
study will be applied to other geometrical and material configu-
rations of T-stubs, considering the steel plate and the bolt, which
allow the development of the three recognized failure modes.
After the complete validation of the mechanical and the proba-
bility approaches, the study will be extended to the case of the
whole joint with the aim of the evaluation of the life cycle by
considering for example the corrosion of the steel into various
conditions of exposure.
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